Abstract Phenylalanine ammonia-lyase (PAL) is an important enzyme that links primary metabolism to secondary metabolism. Its efficiency is often a critical factor that affects the overall flux of a related metabolic pathway, the titer of the final products, and the efficacy of PAL-based therapies. Thus, PAL is a common target for metabolic engineering, and it is of significant interest to screen efficient PALs for industrial and medical applications. In this study, a novel and efficient visible reporter assay for screening of PAL efficiency in Escherichia coli was established based on a plant type III polyketide biosynthetic pathway. The candidate PALs were co-expressed with a 4-coumarate:CoA ligase 4CL1 from Arabidopsis thaliana and curcuminoid synthase (CUS) from Oryza sativa in E. coli BL21(DE3) to form a dicinnamoylmethane biosynthetic pathway. Taking advantage of the yellow color of the product, a microplate-based assay was designed to measure the titer of dicinnamoylmethane, which was validated by HPLC analysis. The different titers of the product reflect the overall performance (expression level and enzymatic activity) of the individual PALs in E. coli. Using this system, we have screened three PALs (PAL1, PAL3, and PAL4) from Trifolium pratense, among which PAL1 showed the best performance in E. coli. The engineered E. coli strain containing PAL1, 4CL1, and CUS led to the production of dicinnamoylmethane at a high level of 0.36 g/l. Supplement of 2-fluoro-phenylalanine yielded two fluorinated dicinnamoylmethane derivatives, 6,6′-difluorodicinnamoylmethane and 6-fluoro-dicinnamoylmethane, of which the latter is a new curcuminoid.
Introduction
Phenylalanine ammonia-lyase (PAL, EC 4.3.1.5) catalyzes the conversion of phenylalanine (Phe) to trans-cinnamic acid and ammonia through deamination. It is considered to be an essential linker between primary metabolism and secondary metabolism (Dixon and Paiva 1995; Hahlbrock 1989) as it is involved in both amino acid metabolism and natural product biosynthetic pathways. Because of its importance in different metabolic pathways, PAL has gained considerable significance in medical, industrial, and biotechnological applications (MacDonald and D'Cunha 2007) . Since its discovery in 1961 (Koukol and Conn 1961) , PAL has been extensively investigated. Many PAL genes have been discovered from plants and microorganisms, and some of the structures have been solved (Calabrese et al. 2004; Ritter and Schulz 2004) .
PAL is a potential agent in the treatment of phenylketonuria, an autosomal recessive genetic disorder that results in an inability to metabolize Phe and elevated levels of this amino acid in the bloodstream, which can cause severe mental retardation. Oral or subcutaneous administration of PAL led to substantial lowering of plasma and brain Phe levels (Gamez et al. 2007; Ikeda et al. 2005; Sarkissian and Gamez 2005) . With further improvement of the stability, this enzyme may be used in enzyme substitution therapy of phenylketonuria. PAL was used in industry to produce L-Phe from trans-cinnamic acid by taking advantage of the reversal of the physiological reaction (Evans et al. 1987) . A PAL from Rhodotorula glutinis can directly convert trans-cinnamic acid methyl ester to L-Phe methyl ester, which eliminates the need for chemical esterification of L-Phe with methanol in aspartame synthesis (D'Cunha et al. 1994) . PAL is also frequently observed in secondary metabolic pathways that lead to the formation of various natural products such as enterocin in the marine bacterium Streptomyces maritimus (Xiang and Moore 2005) and phenylpropanoids in plants (Vogt 2009 ) including flavonoids, isoflavonoids, coumarins, stilbenes, hydroxycinnamic acids, lignin, and other phenolic compounds. In addition to serving as regulatory or signaling molecules in plants (Dixon and Paiva 1995) , many of these natural products have also displayed promising biological activities such as antioxidant, antimicrobial, and anti-inflammatory properties. PAL catalyzes the first biosynthetic step of phenylpropanoid products and plays a key regulatory role in controlling the biosynthesis of these natural products. Its efficiency is important for carbon flux into these pathways and directly influences the yields of the final products. Thus, PAL has become a critical metabolic engineering target for many natural product biosynthetic pathways.
Curcuminoids are a group of plant phenylpropanoid natural products, exemplified by curcumin, and have long been used in traditional Asian medicine because of their anti-tumor, antioxidant, anti-inflammatory, anti-allergy, and hepatoprotective activities (Aggarwal and Harikumar 2009; Aggarwal et al. 2003; Aggarwal et al. 2007; Debjit et al. 2009; Goel et al. 2008; Hamaguchi et al. 2010; Hatcher et al. 2008; Kurup and Barrios 2008; Lee et al. 2008; Moon et al. 2008) . They are also the major constituents in curry spice that is widely used in various foods. Recently, curcuminoids have been found to be synthesized by type III polyketide synthases (PKSs) in plants. Two type III PKSs, diketide-CoA synthase (DCS) and curcumin synthase (CURS), are involved in the biosynthesis of curcuminoids in the herb Curcuma longa. DCS takes feruloyl-CoA and malonyl-CoA to synthesize feruloyldiketide-CoA, which is further converted into curcumin by CURS (Katsuyama et al. 2009 ). When other substrates such as 4-coumaryol-CoA are taken, different curcuminoids can be formed. In contrast to the collaborative actions of two type III PKSs in C. longa, an individual type III PKS from Oryza sativa, curcuminoid synthase (CUS), was found to synthesize curcuminoids from aromatic CoA starters and malonyl-CoA. CUS has been functionally expressed in Escherichia coli. Its co-expression with PAL from Rhodotorula rubra and 4-coumarate:CoA ligase (4CL) from Lithospermum erythrorhizon has led to the production of plant-specific curcuminoids in E. coli (Katsuyama et al. 2008) . The engineered strain was also utilized to produce unnatural curcuminoids by providing a variety of carboxylate precursors (Katsuyama et al. 2010) .
In spite of the importance of PAL, there is no high throughput screening assay available for this type of enzyme. A spectrophotometric assay was previously developed for testing the activity of PALs in plants, which requires the extraction of enzymes and in vitro reactions of the samples with L-Phe. The enzymatic activity is calculated according to the formation of trans-cinnamic acid determined at 290 nm (Zucker 1965) . Some other similar spectrophotometric assays (Khan et al. 1987) were also developed. However, these in vitro assays are time-consuming and may have possible errors due to interfering substances (Erez 1973 ). An effective high throughput screening assay would facilitate the discovery of efficient PALs. The yellow color makes curcuminoids potential reporter molecules. In this study, we established a novel visible screening assay for efficient PALs in an E. coli system based on the curcuminoids biosynthetic pathway. The overall performance of a PAL is reflected in the titer of dicinnamoylmethane (1, Fig. 1 ) that can be easily detected by eyes and measured by a UV-vis microplate reader. Using this system, we have compared the efficiency of three PALs from Trifolium pratense and found that PAL1 showed the highest efficiency in E. coli. The collaborative actions of PAL1 with 4CL1 from Arabidopsis thaliana and CUS from O. sativa led to the high-yield production of 1 in E. coli. Supplement of 2-fluoro-L-Phe into the fermentation broth yielded two fluorinated dicinnamoylmethane derivatives, 6-fluoro-dicinnamoylmethane (2, Fig. 1 ) and 6,6′-difluoro-dicinnamoylmethane (3, Fig. 1 ). 2 is a new compound.
Materials and methods

General method
Products were analyzed and purified on an Agilent 1200 HPLC instrument. ESI-MS spectra were acquired on an Agilent 6130 quadrupole LC-MS in the positive mode. NMR spectra were recorded in acetone-d 6 on a JEOL NMR instrument (300 MHz for Bacterial strains and materials E. coli XL1-Blue was utilized for routine cloning and plasmid propagation. E. coli BL21(DE3) was used for protein expression and the designed reporter assay. All E. coli strains were grown at 37°C on LB agar plates or in liquid LB medium supplemented with appropriate antibiotics (ampicillin, 50 μg/ ml; kanamycin, 50 μg/ml; chloramphenicol, 25 μg/ml; Gold Biotechnology, MO, USA).
Restriction enzymes, Phusion® High-Fidelity DNA polymerase, and T4 DNA ligase were purchased from New England Biolabs (Ipswich, MA, USA). CloneJET™ PCR Cloning Kit was from Fermentas (Glen Burnie, MD, USA), and the pET28a and pACYCDuet-1 vectors were purchased from Novagen (Madison, WI, USA). The plasmids including pMLS252-PAL1, pMLS252-PAL3, and pMLS252-PAL4 that contain the cDNAs of PALs were gifts from Dr. Mike Sullivan from USDA. The plasmids pUC-4CL1 (containing the cDNA of 4CL1 from A. thaliana) and pET16b-CUS (containing the cDNA of CUS from O. sativa) were respectively provided by Dr. Claudia Schmidt-Dannert at the University of Minnesota and Dr. Nobutaka Funa at the University of Shizuoka, Japan.
Gene amplification and plasmids construction
The cDNAs encoding PAL1 (GenBank accession number DQ073809), PAL3 (GenBank accession number DQ073808), and PAL4 (GenBank accession number DQ073811) were amplified with Phusion® High-Fidelity DNA polymerase from pMLS252-PAL1, pMLS252-PAL3, and pMLS252-PAL4, respectively. A 30-cycle polymerase chain reaction (PCR) program (60 s at 98°C, 60 s at 68°C, and 150 s at 72°C) was used. The 4CL1 cDNA (GenBank accession number U18675) was amplified from pUC-4CL1 using a 30-cycle PCR program (60 s at 98°C, 60 s at 62°C, and 135 s at 72°C). The primers are shown in Table 1 . These four PCR products were gelpurified and ligated into the pJET1.2 cloning vector to yield pSW48, pSW49, pSW50, and pSW52 (Table 2 ). The genes were confirmed by digestion checks and sequencing.
The CUS gene (GenBank accession number AK109558) was excised from pET16b-CUS with NdeI and BamHI and ligated into pET28a between the same sites, yielding pSW24. The 4CL1 gene was excised from pSW52 with NdeI and XhoI and ligated into pACYCDuet-1 between the same sites, yielding pSW54. The PAL1, PAL3, and PAL4 genes were excised with PstI and NotI from pSW48, pSW49, and pSW50, respectively, and ligated to pSW54 between the same sites to yield pSW56, pSW57, and pSW58 (Table 2 ).
Dicinnamoylmethane production in E. coli A typical fermentation procedure is as follows. Engineered E. coli BL21(DE3) strains were precultured overnight at 37°C in 5 ml of LB medium supplemented with 50 μg/ml kanamycin and 25 μg/ml chloramphenicol. The preculture was transferred into 50 ml of LB medium with the same antibiotics and cultured at 37°C until the OD 600 reached 0.4∼0.6. IPTG was then added at a final concentration of 1 mM and the induced culture was maintained at 25°C with shaking at 250 rpm for an additional 5 h. After that, 3 mM L-Phe, 40 g/ l glucose, and 25 g/l CaCO 3 were added, and the culture was incubated at 25°C for an additional 60 h. The fermentation broth was harvested by centrifugation at 4,000 rpm for 10 min. The supernatant was adjusted to pH 3.0 with 6 M HCl and Table 1 Primers used in this study
Restriction sites are italicized and the start/stop codons are shown in bold The intron-free PAL1gene from T. pratense
The intron-free PAL3 gene from T. pratense
The intron-free PAL4 gene from T. pratense (Sullivan 2009) extracted twice with an equal volume of ethyl acetate (∼85 % efficiency). The cells were extracted twice with 10 ml of methanol by sonication (∼99 % efficiency). The extracts were concentrated by solvent evaporation and subjected to product analysis.
Microplate-based assay for dicinnamoylmethane biosynthesis in E. coli
To purify 1 for structural characterization and quantification of its production in the engineered E. coli strains, the extract of 100 ml of the fermentation broth of E. coli BL21(DE3)/pSW24 + pSW56 was separated on a silica gel 60 open column. The column was successively washed with a gradient of hexane/acetone (1:0, 9:1, 3:1, 1:1, and 0:1, v/v). The fraction eluted by hexane/acetone (9:1) was found to contain 1 and further separated on an Agilent 1200 HPLC using a SUPELOD Supelcosil TM LC-PAH column (5 μm, 250×10 mm), eluted with acetonitrile-water (70:30, v/v) at a flow rate of 3 ml/min for 45 min. The peak at 30 min was collected, yielding 12 mg of 1 in pure form. The compound was structurally characterized based on its ESI-MS and NMR data.
Dicinnamoylmethane (1) 
13
C NMR (75 MHz, acetone-d 6 ): δ 184.4 (C-2 and C-2′), 141.2 (C-4 and C-4′), 136.1 (C-5 and C-5′), 131.1 (C-8 and C-8′), 129.9 (C-7, C-7′, C-9, and C-9′), 129.1 (C-6, C-6′, C-10, and C-10′), 125.2 (C-3 and C-3′), 102.6 (C-1).
The purified compound was dissolved in methanol and prepared as different concentrations by a serial dilution. The solutions of 1 was distributed into the wells in a 96-well UV plate (Corning, NY, USA) and measured on a SpectraMax® 190 Absorbance Plate Reader at 390 nm to get the standard curve. For time course analysis, the fermentation broths were sampled at 12, 24, 36, 48, 60, and 72 h, respectively. The samples (1 ml each) were extracted as described above, and the dried extracts were re-dissolved in 1 ml of methanol, from which 200 μl of each extract was subjected to titer analysis on the SpectraMax® 190 Absorbance Plate Reader.
HPLC analysis of dicinnamoylmethane biosynthesis in E. coli A standard curve of 1 was established by injecting different amounts of the purified compound into HPLC and correlating the peak areas to the amounts. Product analysis was conducted on an Agilent 1200 HPLC system with an Agilent Eclipse XDB-C18 column (5 μm, 250×4.6 mm). The samples were eluted with acetonitrile-water (70:30, v/v) at a flow rate of 1 ml/min for 30 min, and the product was detected at 390 nm.
For time course analysis, 200 μl of the same samples used for the microplate-based assay was analyzed by HPLC.
Quantitative real-time PCR analysis of PAL expression in E. coli
For quantitative real time-PCR (qRT-PCR) analysis of the expression of PAL1, PAL3, and PAL4, total RNA was extracted from E. coli BL21(DE3)/pSW24+pSW56, E. coli BL21(DE3)/pSW24 + pSW57, and E. coli BL21(DE3)/ pSW24+pSW58, respectively, using a Quick-RNA Miniprep kit (ZYMO Research, CA, USA) (Klerksa et al. 2004) . cDNAs were then synthesized by RT-PCR with a SuperScript III First-Strand Synthesis System (Invitrogen, CA, USA). The synthesized cDNAs served as the template for qRT-PCR. Reactions were run using the iTaq Universal SYBR Green Supermix (Bio-Rad, CA, USA) in 20-μl reaction mixtures on a Bio-Rad iQ5 Real Time PCR Detection System (Bio-Rad, CA, USA). A pair of primers including PAL-RT-F and PAL-RT-R (Table 1 ) was used. 16S rDNA was chosen as the internal control with 16S-RT-F and 16S-RT-R as the primers (Table 1) (Lane 1991) . Initial denaturation was done at 95°C for 30 s, followed by 40 cycles of 95°C for 15 s and 60°C for 30 s. Data were analyzed with auto Ct (threshold cycle) and auto baseline functions of the system and Ct values of the triplicate reactions were averaged. ΔCt were determined as Ct (internal control)−CtPAL for each gene.
Purification and structural analysis of the new fluorinated dicinnamoylmethane derivative 2
The fermentation procedure was same as described above excepted that 3 mM 2-fluoro-L-Phe was added instead of LPhe after induction by 1 mM IPTG for 5 h at 25°C. The culture was incubated at 25°C for an additional 60 h. The extract was analyzed by LC-MS. For large-scale preparation of the new fluorinated dicinnamoylmethane derivative 2, the fermentation was performed in 2 L of LB medium. The extract was first separated on a silica gel 60 open column, successively eluted with a gradient of hexane/acetone (1:0, 9:1, 3:1, 1:1, and 0:1, v/v). The fractions containing 2 were lumped and further separated on a SUPELOD Supelcosil LC-PAH column (5 μm, 250×10 mm), eluted with acetonitrile-water (70:30, v/v) at a flow rate of 3 ml/min for 45 min. The peak at 35 min was collected and subjected to NMR analysis.
Results
Design of a reporter assay for PAL expression in E. coli
Dicinnamoylmethane (1) is a curcuminoid synthesized by the sequential actions of PAL, 4CL, and CUS (Fig. 2a) . PAL catalyzes nonoxidative deamination of L-Phe to yield transcinnamic acid, which is then ligated with CoA by 4CL to generate cinnamoyl-CoA. CUS is a type III PKS, and it takes two units of cinnamoyl-CoA and one unit of malonyl-CoA to yield 1. We chose to use 1 as the reporter molecule for in vivo activity of PALs by taking advantage of its yellow color. To this end, we designed a reporter assay system consisting of two plasmids that harbor 4CL and CUS, respectively (Fig. 2b) . Specifically, a 4CL from A. thaliana, named 4CL1, was cloned into pET28a to yield pSW24, while CUS from O. sativa was inserted into pACYCDuet-1 to afford pSW54. A candidate PAL gene can be ligated into pSW54 between PstI and NotI (or other available sites such as BamHI and EcoRI). All these three biosynthetic genes in pET28a and pACYCDuet-1 are under the control of separate T7 promoters. Co-expression of the resulting plasmids will build the necessary enzymatic platform for dicinnamoylmethane biosynthesis. The production of 1 will be visible because of its yellow color, and the titer can be monitored by HPLC or UV-vis microplate reader.
Examination of the expression of three PALs from red clover in E. coli using the designed in vivo reporter assay To test the effectiveness of the designed in vivo reporter assay, we chose three plant PALs from T. pretense. The cDNAs encoding PAL1, PAL3, and PAL4 were individually introduced into pSW54 between the PstI and NotI sites to yield pSW56, pSW57, and pSW58 (Table 2) , respectively. Color changes in the fermentation broths of E. coli/pSW24 + pSW56, E. coli/pSW24 + pSW57, and E. coli/pSW24 + pSW58 were observed, compared to E. coli/pSW24+pSW54 that served as the negative control. LC-MS analysis of the extracts of these cultures revealed that E. coli/ pSW24 + pSW56, E. coli/pSW24 + pSW57, and E. coli/ pSW24+pSW58 produced the same yellow product 1 at 17.5 min, as shown in Fig. 3a . The ion peaks [M+H] + at m/z 277.0 and [M+Na] + at m/z 298.9 in the ESI-MS spectra suggested that 1 has a molecular weight of 276. This peak showed a maximum UV absorption at 390 nm, which is consistent with that for dicinnamoylmethane (Katsuyama et al. 2008) . NMR analysis confirmed that the purified compound is dicinnamoylmethane (Katsuyama et al. 2008 ). These results suggested that all three tested PALs were functionally expressed in E. coli BL21(DE3). We also found that more than 71 % of 1 was in the E. coli cells.
Development of a quantitative microplate-based assay for the production of 1
To differentiate the titers of 1 by different PALs, a microplatebased assay was developed. Briefly, 1 ml of the fermentation broth was pelleted by centrifugation. The supernatant was extracted with 1 ml of ethyl acetate, and the cells were extracted with 500 μl of methanol. The extracts were combined and dried under reduced pressure. The sample was then re-dissolved in methanol, distributed into a 96-well UV plate, and measured on a UV-vis microplate reader at 390 nm. The concentrations were determined based on the standard curve of 1 (Fig. 4a) . Samples with a concentration out of the range of the standard curve were diluted with methanol. Using this assay, we conducted a time course analysis for E. coli/pSW24+pSW56, E. coli/pSW24+pSW57, and E. coli/pSW24+pSW58. After the addition of L-Phe, glucose, and CaCO 3 , the fermentation broths were sampled at 12, 24, 36, 48, 60, and 72 h, and the titers of 1 are shown in Fig. 4b and Table S1 . It is apparent that E. coli/pSW24+pSW56 produced much higher amounts of 1 than E. coli/pSW24+pSW57 and E. coli/pSW24+pSW58 did, a b Fig. 2 Design of a reporter assay for PALs. a Biosynthetic pathway of 1 from L-Phe by the sequential actions of PAL, 4CL, and CUS. b A reporter assay for screening of PALs in E. coli. The system consists of two plasmids. The first one contains CUS, and the second one has 4CL1. A candidate PAL gene can be ligated into the second vector between PstI and NotI. Co-expression of the two plasmids will lead to the biosynthesis of 1, which is visible for its yellow color and can be analyzed by HPLC or UV-vis microplate reader suggesting that the overall performance (expression level and enzymatic activity) of PAL1 is better than the other two PALs. The best titer of 1 by E. coli/pSW24+pSW56 that contains PAL1, 4CL1, and CUS reached 0.36 g/l after 72 h, while the titers by PAL3 and PAL4 were only 0.08 and 0.11 g/l, respectively. To validate the microplate-based assay, the same samples were analyzed by HPLC (Fig. 4c and Table S1 ), and the titers of 1 were determined based on the peak areas of 1. Although there were some occasional slight differences between the HPLC and microplate reader measurements, which is likely due to the interfering compounds in the fermentation broth at different stages, overall the data from the microplatebased assay and HPLC analysis were consistent, indicating that this quantitative microplate-based assay is effective.
qRT-PCR analysis of the expression of PAL1, PAL3, and PAL4 in E. coli
We also used qRT-PCR to compare the expression level of the three plant PALs in E. coli/pSW24+pSW56, E. coli/ , and E. coli/pSW24+pSW58, respectively. As shown in Table 3 , the qRT-PCR results indicated that the expression level of PAL1 was higher than the other two, and the expression level of the PAL3 was the lowest among these three PALs. This is consistent with the analysis results of the titers of 1 in the corresponding E. coli strains, although the latter is the combined effects of both the expression level and catalytic activity of PALs.
Precursor-directed biosynthesis of a new fluorinated dicinnamoylmethane derivative
With the designed reporter assay, we determined that PAL1 showed the best performance in E. coli among the three tested plant PALs. We then use the strain E. coli/pSW24+pSW56 that expresses PAL1, 4CL1, and CUS for the synthesis of new curcuminoids. Previous studies have shown that it is possible to synthesize new curcuminoids with the curcuminoids biosynthetic enzymes by feeding different precursors (Katsuyama et al. 2010; Yu et al. 2012) . To this end, we fed 2-fluoro-L-Phe into the induced culture of E. coli/pSW24+pSW56 instead of L-Phe. As shown in Fig. 5a , LC-MS analysis revealed that three major curcuminoids were produced. In addition to 1, two new products 2 and 3 were synthesized. The ESI-MS spectra of 2 (Fig. 5b) revealed that it has a molecular weight of 294, suggesting that it is a monofluorinated derivative of 1. The ESI-MS spectra of 3 (Fig. 5c ) showed that this compound has a molecular weight of 312, suggesting that it has one more fluorine atom than 2 and is a difluorinated derivative of 1. While 6,6′-difluoro-dicinnamoylmethane has been previously reported (Katsuyama et al. 2010), 13 C NMR spectrum of 2 revealed that it has a quaternary carbon at C-6 instead of a CH in 1. The chemical shift of C-6 is δ 163.3, suggesting that this position is fluorinated. Further 1D and 2D NMR analysis confirmed that it is 6-fluoro-dicinnamoylmethane, which is a new compound. The proton and carbon signals are given in Table 4 . These two fluorinated products resulted from the incorporation of one and two 2-fluoro-L-Phe units, respectively.
Discussion
PAL is a key enzyme involved in both primary and secondary metabolism, and has attracted more and more attention because of their applications in agriculture, medicine, and industry. The activity of PAL has direct impacts on the efficacy of the enzyme-based treatment or an industrial production process. Screening of efficient PALs is thus of significant interest. In this work, we developed a microplate-based reporter assay for screening of efficient PALs using the E. coli system, which is easily accessible. PAL is involved in the biosynthesis of many plant phenylpropanoids, among which curcuminoids are a group of yellow compounds synthesized from L-Phe by a type III polyketide biosynthetic pathway consisting of three enzymes. In this work, we developed a novel reporter assay for PALs using a two-plasmid screening system that expresses 4CL1 from A. thaliana and CUS from O. sativa. Together with any functional PAL, this system will yield 1, which allows efficient and visible screening of PALs in E. coli. Further development of the microplate-based assay, which was validated by HPLC analysis, will facilitate high throughput screening for efficient PALs from various natural sources or PAL mutant libraries generated by molecular evolution. Biological reporter systems have been developed for different uses in research and industry. For example, a reporter assay has recently been developed for bacterial and mammalian cells based on the blue color of the non-ribosomal peptide indigoidine. Indigoidine is synthesized from two units of Lglutamine (Yu et al. 2013) . Accordingly, the designed system consisted of the Streptomyces lavendulae non-ribosomal peptide synthetase BpsA and the Streptomyces verticillus 4′-phosphopantetheinyl transferase Svp that activates the thiolation domain in BpsA (Muller et al. 2012 ). While our work established a reporter assay in E. coli, it is possible to construct similar screening system in other hosts such as yeasts and mammalian cells for different purposes with the help of synthetic biology techniques.
The tested three PALs were from red clover (T. pratense). PAL3 and PAL4 are nearly identical with 97 % identity, and they share only 89 % identity with PAL1. These enzymes are involved in the biosynthesis of phenylpropanoid compounds in the plant, and PAL3 and PAL4 were also reported to participate in pathogen defense response (Sullivan 2009 ).
However, no biochemical studies on these enzymes have been performed, and their catalytic activities remain unknown. We compared these three PALs in E. coli using the designed reporter assay and found that PAL1 showed the best overall performance, which is a combined effect of the expression level and catalytic activity. Furthermore, the qRT-PCR analysis confirmed that the expression level of PAL1 was the highest in E. coli among the three tested PALs. It is known that many molecular technology tools, such as RT-PCR, SDS-PAGE, and Western blotting, can be used to analyze protein expression at the transcriptional or translational level. However, these analyses are often time-consuming and more costly. The reporter assay we established in this work provides a novel, visible, and easy-to-assay approach for screening highly efficient PALs, which requires remarkably smaller volumes, lower costs, and shorter time compared to traditional analytic methods. Furthermore, the results from this assay directly reveal the overall performance of PALs in E. coli instead of only reporting the expression level or catalytic activity. Like many in vivo screening assays, certain factors in the complex intracellular environment such as the supply of the precursors and partner enzymes (CUS and 4CL1) may affect the accuracy of this method. Through the screening of three PALs from red clover, we demonstrated that this assay is effective as an initial screening assay. In case the expression level and/or the activity of tested PALs saturate the system, we can lower the expression level by reducing the IPTG concentration or using a weaker promoter to differentiate the performance of these enzymes. Alternatively, these PALs can be directly subjected to in vitro enzymatic studies since the saturation suggests that these enzymes are already highly efficient.
With the successful screening of the most efficient enzyme from a group of plant PALs, this reporter assay can be further utilized to screen more efficient PALs from a larger library for the production of useful products. In this work, the titer of 1 reached 0.36 g/l in E. coli. Because more than 71 % of the product is in the cells, the screening can be further simplified by focusing on the cells and discarding the supernatants after centrifugation. Precursor-directed biosynthesis of 2 and 3 revealed that PAL1 can deaminate 2-fluoro-L-Phe to yield the corresponding fluorinated trans-cinnamic acid, which is then processed by 4CL1 and CUS to generate the fluorinated curcuminoids. This confirmed that the three biosynthetic enzymes including PAL1, 4CL1, and CUS have relatively flexible substrate specificity, thus opening an opportunity to synthesize novel curcuminoids by feeding different precursors. 
